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jp ^^ycTpvr r CTrPPRFqSOR FOR ELECTRQNTCS SYSTEMS 
p^r n nP THF TNVENTION 
This invention relates generally to the suppression of transient 
voltages in electrical systems. Specifically, this invention relates to 
suppressing repeatable transient voltages in power electronics 
applications. 

Transient voltages or "surges" occur in all electrical and 
electronic systems. Some transient voltages are the result of a sudden 
release of energy that has been previously stored by stray parasitic 
capacitances and inductances of the electrical system. Other transient 
voltages are the result of a sudden injection of energy into the 
electrical system by a source external to the electrical system. 

Transient voltages may occur on a random basis or on a 
repeatable basis. Random transient voltages are typically generated by 
sources external to the electrical system. For example, lightmng is a 
source of random transient voltages. Another example is switching 

the equipment "on and off." 

Repeatable transient voltages may occur at a fixed or variable 
frequency and are typicaUy generated internally by an electrical system. 
For power electronics systems, repeatable transients may be the result 
of the rapid switching of current by power electronics converters m 
the system. Such switching is often undertaken to convert the 
frequency, voltage, or current of an electrical signal. 

Regardless of the source and frequency of their occurrence, 
transient voltages can damage electrical and electronic equipment. 
For electrical machines such as motors and generators, transient 
voltages can destroy the insulation of the wiring, resulting m 
premature equipment breakdown and failure. Therefore, transient 
voltage suppressors are important devices to better ensure continued 
operation of such equipment. 

Repeatable transient voltages are of increasing concern m the 
area of power electronics converter-fed variable speed drive systems, 
one example of which may be found in windpower electromcs 
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systems, which use wind turbines for supplying electrical energy to an 
AC electric power grid. If the electrical power generated by a wind 
turbine is to be supplied to an AC electric power grid, the electrical 
signal must have a constant frequency that is synchronized to the 
frequency of the AC electric power grid. Synchronizing the frequency 
of the electrical signal output by the generator of the wind turbine to 
the frequency required by the AC electric power grid may require the 
use of power electronics converters which can be a source of repeatable 
transients. Further, the nominal voltage of the electrical signal 
supplied by the wind turbine must be the nonninal voltage of the AC 
electric power grid. AC electric power grids typically require a 480 volt 
signal at 60 Hz. 

Variable speed wind turbines such as the one described in U.S. 
Patent No. 5,083,039, issued to Richardson et al. on December 15, 1992, 
and commonly assigned to U.S. Windpower Inc. of Livermore, 
California, are ciirrently used to supply electricity to AC electric power 
grids. By varying the rotor speed of the wind turbine in varying wind 
conditions, improved energy conversion can be achieved over a range 
of wind speeds. The electrical signal directly generated by the 
generator of a variable speed wind turbine has a frequency that varies 
with the speed of the wind that drives the wind turbine. Therefore, 
the frequency of the electrical signal at the outputs of the generator of 
a variable speed wind t\irbine is not necessarily synchronized to the 
frequency of the utility line. Therefore, the electrical signal output by 
the generator of a variable speed wind turbine must be converted to 
have the appropriate voltage and frequency characteristics. 

Power electronics converter circuits rapidly switch the AC 
signal output by the generator of the wind turbine to convert the AC 
voltage to a DC voltage. This rapid switching results in repeatable 
transient voltages that often exceed the voltage rating of the 
insulation of the electrical machine. These repeatable transient 
voltages should be suppressed to better ensure continued operation of 
the wind turbine. 
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Figur« 1-3 show differen. prior art drcuifs and devices for 
»uppre5ring pansier,, voltages. As shown in each of .he Figures 1-3, a 
oTd ,02 is coupied benveen a line ,0, and ground for rec«v,ng an 
elec^ical signal from the Une 101. Each of the suppressor arcurts or 
devices is coupled across the load 102 to provide an alternative 
^:;«.ion p.* for transi«>t voltages when transient vol.ag« occur, 

Rgur. 1 shows an RC snubber drcuil 103 coupled across the 
toad 102 RC snubber circuit 103 includes a dissipating reststor 105 
m «H« with a capacitor 110. the RC snubber 103 attenuate 
TJZ.. voltages. Even when .ansient voltages do no. appear at the 
line 101 some current flows through the dissipating resBtor 105 
'lich over time results in a large amount of power ^'^^^ 
dissipadng resistor 105. To adequately suppress rq^auble .rans.«,t 
vSes L level of at.«iu.tion of the RC snubb« typtcally must be 
"a^ Which result, in a corresponding inaease in the atnoun. of 
oower dissipated In the dUsipating resistor 105. 
^^^^2 shows a metal oxide varistor (MOV) 205 coupled across 
the load rK. The MOV 205 is a non-linear device hav^g a restsunce 
t varies with the voltage applied to the MOV ^05.^-;;^^^, 
operaHon. the MOV 205 acts as a near op«. c»cmt. When a tr^tent 
v^tage having a magnitude beyond a breakdown voltage f« the 
Jov 205 is present on the line 101, the MOV 205 b«»mes highly 

L the ««rgy of the transient voltage ^ f-'f '^^l 
L, the load 102. The MOV 205 thus damps the voltage of the Ime 
I a „£. operating voltage. Unfortunately, *« 

of average power that can be dissipat«i by an "OV M5 
mdces the MOV 205 unsuitable for suppressing repeatable 

'^e^':^":pa.ion require. 0. an MOV to suppr«s 
a repeaTa ir:Laie^ voluge is expressed in t«m. of t^« atnou^of 
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high energy transients, a typical MOV can only provide approximately 
two watts of average power dissipation. 

Furthermore, the clamping voltage of the MOV 205 depends on 
the amount of energy in the transient such that a higher energy 
transient voltage typically results in a higher clamping voltage. 
Uncertainty about the energy contained in each transient makes it is 
difficult to predict whether the MOV 205 can successfully suppress all 
high energy transients. 

Figure 3 shows a prior art transient suppressor circuit 300 
according to U.S. Patent No. 4, 849, 845, issued of Dwight Schmitt, and 
assigned to Sundstrand Corporation. The transient suppressor 300 
includes two sense and control circuits 301a and 301b coupled across 
the load 102, wherein each of the sense and control circuits 301a and 
301b detects transient voltages for a half-wave of the AC electrical 
sigxud provided by the line 101. For example, sense and control circuit 
301a is responsible for controlling the suppression of positive 
transient voltages, and ser\se and control circuit 301b is responsible for 
controlling the suppression of negative transient voltages. Each 
control circuit 301a and 301b causes a corresponding transistor 302a or 
302b to switch on when a transient voltage is detected. When a 
transistor 302a or 302b is switched on, a conductive path is created 
between the line 101 and ground. Each conductive path includes a 
dissipating resistor 303a or 303b for dissipating power and a diode 304a 
or 304b to better ensure that current flows in only one direction for 
each conduction path. Each of the control circuits 301a and 301b 
includes circuitry for actively monitoring the voltage of the line 101 
and requires a separate p>ower supply to operate. This typically makes 
the cost of the transient suppressor circuit 300 greater than that of 
other prior art transient suppressor circuits and devices. 

Each of the suppressor circuits, including the RC snubber 103, 
the MOV 205, and the transient suppressor circuit 300 immediately 
dissipate the energy of the transient voltage in the dissipating resistor 
or MOV when a transient voltage appears aaoss the load 102. This 
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results in high clamping voltage amplitude and requires a device 
capable of dissipating large amounts of power. 
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SUMMARY OF THE INVENTION 

A circuit for suppressing transient voltages in an electrical 
signal transmitted by a first transmission line is disclosed. The circuit 
comprises a rectifier circuit having a first input, a second input, a first 
output, and a second output, wherein the first input is coupled to the 
first transmission line and the second input is coupled to a second 
transmission line. A positive rail is coupled to the first output of the 
rectifier circuit/ and a negative rail is coupled to the second output of 
the rectifier circuit. 

A capacitor is coupled between the positive and negative rails. 
The capacitor stores the energy of a transient so that the energy of the 
transient may be dissipated over time. A clamping circuit is coupled 
across the capacitor. The damping circuit defines a damping voltage 
for the capadtor and dissipates charge stored in the capadtor when the 
capadtor is charged to a voltage exceeding a damping voltage such 
that the voltage of the capadtor is reduced to the damping voltage. In 
the absence of traitsient voltages that exceed the damping voltage, the 
capadtor is charged to the clamping voltage. 
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pp j^c nP^RIPT T^^-T DRAWINGS 

The objects, features, and advantages of the method and 
apparatus of the present invention will be apparent from the 
foUowing detailed description of the invention in which: 

FIGURE 1 shows an RC snubber circuit of the pnor art. 

RGURE 2 shows a metal oxide varistor (MOV) of the pnor art. 

FIGURE 3 shows a transient voltage suppressor circuit of the 

prior art. . 

HGURE 4a shows a power electronics system mdudmg 

improved transient voltage suppressor circuits. 

HGURE 4b shows a power electronics system indudmg an 
improved transient voltage suppressor circuit. 

HGURE 5 shows a singlephase transient voltage suppressor 
circuit according to a first embodiment. 

FIGURE 6A shows waveforms for a transient voltage 
suppressor circuit of the first embodiment. 

HGURE 6B shows an output waveform for the transient 
voltage suppressor circuit of the first embodiment. 

HGURE 7 shows a three-phase transient voltage suppressor 
circuit of a second embodiment. 

HGURE 8 shows a three-phase/Uite-to-ground transient voltage 

suppressor circuit. 
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DETAILED DESCRIPTION 

Figure 4a shows a power electronics system 400 that includes an 
electrical n^achine 405, an AC-to-IX converter 410, DC voltage link 
415, and a DC-to-AC inverter 420 having outputs coupled to an AC 
electrical power grid 425. The power electronics system 400 may be 
part of a variable speed drive system such as a wind turbine, wherein 
the electrical machine 405 may be a generator driven by a turbine rotor 
(not shown), the rotational speed of which is determined by the force 
of a driving wind. The arrows of Figure 4a show current flow for the 
case wherein the electrical machine 405 is a generator. Alternatively, 
the electrical machine 405 may be an electrical load such as a motor. 
For such a case, the direction of the anows indicating energy flow is 
reversed, the AC-to-DC converter 410 acts as a DC-to-AC inverter, and 
the EXZ-to-AC inverter 420 acts as an AC-to-DC converter. The 
electrical machine 405 may have a fixed or variable speed. 

Assuming that the electrical machine 405 is a generator, the 
electrical machine 405 outputs three phases of a single AC electrical 
signal. According to one embodiment, the frequency of the AC 
electrical signal varies from 10 Hz to 80 Hz, depending on the speed of 
rotation for the electrical machine 405. AC electric power grid 425 
requires a 60 Hz electrical signal having a nominal voltage of 480 
volts. The AC electrical signal output by the electrical machine 405 
must therefore be regulated and synchronized to the requirements of 
the AC electric power grid 425. If the electrical machine 405 is a motor, 
the AC electrical signal supplied by the AC electric power grid 425 
must be regulated to the requirements of the motor 405. 

To synchronize the AC electrical signal output by the variable 
speed electrical machine 405 to the requirements of the AC electrical 
power grid 425, the AC-to-DC converter 410 receives the three phases 
of the AC electrical signal via transmission lines 406a, 406b, and 406c. 
The AC-to-CXZ converter 410 converts the AC electrical signal to a EXT 
signal. The DC voltage link 415, which includes a capacitor 418 
coupled to a +DC rail 416 and a -DC rail 417, is charged to a EXT voltage 
in response to the AC-to-DC converter 410. For the present 



wo 96/13091 



PCTAJS9SUr5 



! 

) 



embodiment, the DC voltage of the DC voltage link 415 is equal to 750 
volts. The DC-to-AC inverter 420 converts the DC voltage of the DC 
voltage link 415 to an AC electrical signal having the desired 
frequency and voltage characteristics for output to the AC electric 
power grid 425. 

Both the AC-to-DC converter 410 and the DC-to-AC inverter 420 
utilize switching to convert their respective input signals to the 
desired output signal. The switching frequency of the AC-to-DC 
converter 410 in one embodiment is 6 kHz, which results in a 
repeatable transient voltage signal having a frequency of 6 kHz on 
each of the transmission lines 406a, 406b, and 406c. The transient 
voltage signal is attributable to the parasitic inductances of the 
transmission lines 406a, 406b, and 406c, and to the parasitic capacitance 
of the variable speed electrical machine 405. Furthermore, each of the 
transmission Unes mutually induces a repeatable transient voltage 
signal in the other transmission lines. 

The repeatable transient voltage signal can be significant. For 
example, wherein the nominal maximum voltage of the AC electrical 
signal output by the electrical machine 405 is equal to 680 volts, it is 
not uncommon to have transient voltages equal to 1700 volts. For the 
present embodiment, the insulation of the electrical machine 405 w 
rated to withstand 900 volts continuously. It is therefore necessary to 
suppress the repeatable transient voltage signal to better ensure 
continued operation of the electrical machine 405. Of course, not all of 
the transient voltage pulses exceed the rating of the insulation. The 
largest transient voltage pulses typically have a duration of 
approximately 1-2 jiS and occur once every 166 \iS. 

To suppress the transient voltages resulting from the 
inductance of a three phase transmission Une, each phase may be 
provided with a single-phase transient suppressor circuit. Particularly, 
the transmission Unes 406a, 406b, and 406c are provided with smgle- 
phase transient voltage suppressor circuits 407a, 407b, and 407c, 
respectively. To suppress the mutually induced transient voltages. 



wo 



PCT/US95;i3275 



-10- 

each of the transmission lines 406a, 406b, and 406c are coupled to a 
three-phase transient suppressor circuit 408. 

Figure 4b shows the power electronics system 400 wherein a 
single three-phase/line-to-ground transient voltage suppressor circuit 
409 is used. Each of the transient voltage suppressor circuits 407a-407c, 
408, and 409 operate similarly. Unlike typical prior art transient 
voltage suppressor ciroiits and devices, the transient voltage 
suppressor circuits 407a-407c, 408, and 409 do not require the 
instantaneous dissipation of the energy of the transient. Instead, the 
energy of a transient may be stored and dissipated over time. 
Additionally, the present transient voltage suppressor circuits utilize 
clamping voltages such that the transient voltage suppressor circuits 
dissipate power only in the presence of a transient voltage beyond the 
damping voltage. This reduces the power dissipation of the present 
transient voltage suppressor circuits when compared to prior art 
circuits such as the RC snubber. As will be described, the clamping 
voltage of the present transient voltage suppressor circuits is 
independent of the energy of the transient. The damping voltage of 
typical MOVs is dependent on the energy of the transient. 

The operation of a single-phase suppressor drcuit is now 
described. As shown in Figure 5, the transient voltage suppressor 
circuit 407a includes a rectifier circuit 505, a capadtor 510, and a 
damping circuit 512 for clamping the voltage of the capadtor. For one 
embodiment, the damping drcuit 512 indudes a current limiting 
resistor 515, zener diodes 520-523, semiconductor switch 525, and 
dissipating resistor 530. The rectifier drcuit 505 is a full-wave rectifier 
comprising a single-phase diode bridge drcuit that includes diodes 506, 
507, 508, and 509, wherein the transmission line 406a is coupled 
between the cathode of diode 506 and the anode of diode 507, and the 
conductor between the cathode of diode 508 and the anode of diode 
509 is grounded. The positive rail 501 is coupled to the cathodes of 
diodes 507 and 509, and the negative rail 502 is coupled to the anodes 
of diodes 506 and 508. 
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One aspect of the transient voltage suppressor circuit 407a is the 
use of the capacitor 510 to store the energy of transient voltages. 
Because the capacitor 510 stores the energy of voltage transients, the 
energy of the transient voltages does not have to be dissipated 
instantaneously. This reduces the peak power dissipation 
requirement over typical prior art transient suppressor circuits and 
devices while simultaneously allowing dissipation of a higher average 
power. The use of the capacitor 510 as an energy storage device is 
discussed in more detail below. 

Another aspect of the transient voltage suppressor circuit 407a 
is the use of zener diodes 520-523 to define a damping voltage for the 
transient voltage suppressor circuit 407a. This damping voltage is 
independent of the amount of energy in the transient, unlike the 
damping voltages of prior art MOVs. The use of the zener diodes 520- 
523 to provide a damping voltage is discussed in more detail below. 

Returning to Rgure 5. the rectifier drcuit 505 has a first input 
coupled to the transmission line 406a and a second input coupled to 
ground, whidt may be the body of the electrical machine. The first 
and second outputs of the full-wave rectifier drcuit 505 are coupled to 
a positive rail 501 and a negative raU 502, respectively. The capacitor 
510 is coupled across the outputs of the rectifier circuit 505 to the 
positive and negative rails 501 and 502. The capadtor 510 smoothes 
the ripple voltage output by the rectifier drcuit 505 to a DC voltage by 
acting as an energy storage device. When a transient voltage charges 
the capadtor 510 to a voltage exceeding tixe damping voltage of the 
positive rail 501, the positive and negative rails 501 and 502 are 
coupled to one another via the semiconductor switdi 525, which is 
shown as a bipolar junction transistor, such that the capadtor 510 
disdxarges via the dissipating resistor 530 when the semiconductor 

switch 525 is "on." 

Generally speaking, the semiconductor switd\ 525 may be 
considered to be a single pole single throw switch having a first pole 
coupled to the dissipating resistor 530, a second pole coupled to the 
negative rail 502, and a control terminal. The semiconductor switch 
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525 may be any suitable device including a bipolar junction transistors 
(BJT), a metal-oxide semiconductor field effect transistor (MOSFET), 
an insulated gate bipolar transistor (IGBT), or a junction field effect 
transistor (JFET). When the semiconductor switch 525 is a BJT, as 
shown, the first pole is the collector of the BJT, the second pole is the 
emitter of the BJT, and the control terminal is the base of the BJT. If 
the semiconductor switch 525 is a field effect transistor (FET), the first 
pole is the drain of the FET, the second pole is the source of the FET, 
and the control terminal is the gate of the FET. 

To control the semiconductor switch 525, four zener diodes 520, 
521, 522, and 523 are coupled in series between a current limiting 
resistor 515 and the base of the semiconductor switch 525. Any 
number of zener diodes can be used to provide the desired damping 
voltage. The current limiting resistor 515 is coupled between the 
zener diode 523 and die positive rail 501 to limit and defme the base 
current presented to the semiconductor switch 525 when the zener 
diodes 520-523 are conducting. 

The zener diodes 520-523 damp the IX voltage at the positive 
rail 501 to a value equal to the sum of the zener voltages for each 
zener diode. During normal operation, the positive and negative rails 
501 and 502 are decoupled from one another such that the capacitor 
510 does not discharge, and the capadtor 510 is charged to the 
clamping voltage. When the voltage of the positive rail 501 exceeds 
the sum of the zener voltages for the zener diodes 520*523, the zener 
diodes 520-523 become conducting, delivering a current to the base of 
the semiconductor switch 525. 

The semiconductor switch 525 is switched on in response to the 
base current, and the capadtor 510 discharges through the dissipating 
resistor 530 and the semiconductor switch until the voltage at the 
positive rail 501 is the less than the sum of the breakdo%vn voltages for 
the zener diodes 520-523. The zener diodes 520-523 then act as open 
ciroiits, and the base current is removed from the semiconductor 
switch 525 such that the senuconductor switch 525 is switched off, 
decoupling the positive rail 501 from the negative rail 502. The 
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dissipating resistor 530 is coupled between the positive rail 501 and the 
collector of the semiconductor switch 525, and the emitter of the 
semiconductor switch 525 is coupled to the negative rail 502. If the 
semiconductor switch 525 is a field effect transistor (FET), the positive 
raU 501 is coupled to the drain of the semiconduaor switch 525, and 
the negative rail 502 is coupled to the source of the semiconductor 

switch 525. ^ , / 

The zener diodes 520-523 are chosen such that the DC voltage of 

the positive raU 501 is clamped to a value that is less than the 

breakdown voltage of the electrical machine insulation. For the 

present embodiment wherein the insulation breakdown voltage ,s 

equal to 900 volts, each zener diode has a zener voltage of 200 volts 

such that the DC voltage of the positive raU 501 is damped at 800 

volts. Although a single zener diode may be sufficient for certain uses 

of the transient suppressor circuit 407a, coupUng several zener diodes 

in series is advantageous because zener diodes having a zener voltage 

equal to the desired damping voltage may be cost-prohibitive or 

otherwise unavailable. Further, a zener diode typicaUy has a power 

rating that limits the amount of current the zener diode can conduct 

for a given voltage. For example, the power rating for a single zener 

diode having an 800 volt breakdown voltage may be such that zener 

diode cannot conduct a base current suffident to switch the 

semiconductor switdi 525 on. By coupling several zener diodes in 

series, the voltage drop across eadi zener diode is reduced such that a 

greater amount of current may be conducted by eadi zener dicxle. 

Because of the operating diaracteristics of the capadtor 510, a 

large transient voltage that exceeds the damping voltage of the 

voUage transient suppressor drcuit 407a results in only a relatively 

smaU increase in the voltage of the capadtor 510. The energy stored by 

a capadtor is given by the following, well known equation; 

n ^ (1) 

Energy = 

wherein C is the capadtance of the capadtor 510, and Vc is the 
damping voltage of the voltage suppressor circuit 407a. The 
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capacitance C and the damping voltage Vc determine the energy 
stored in the capacitor 510 prior to the receipt of a transient voltage 
that exceeds the clamping voltage. For the present embodiment, the 
capacitance C is microfarad and the clamping voltage Vc is equal to 
800 volts such that the amount of energy stored in the capacitor 510 is 
much greater than the energy of a single transient voltage pulse. 
When the capacitor 510 stores the energy of the transient voltage, the 
voltage of the capacitor increases proportionally to the square-root of 
the added energy. Typically the energy already stored in the capacitor 
is very much larger than the energy of a 1-2^5 transient voltage, and 
the voltage of the positive rail 501 increases only slightly in response 
to such a trai\sient. For example, 1700 volt transient may result in the 
positive rail 501 being charged to between 805 and 810 volts. 

The capacitor 510 discharges at a rate given by the RC time 
constant of the transient voltage suppressor circuit 407a, wherein C is 
the capacitance of the capacitor 510, and R is the resistance value of the 
dissipating resistor. The values of R and C may be selected such that 
the capacitor 510 decays to the clamping voltage of the positive rail 501 
before the next repeatable transient voltage pulse is received. For 
example, if the frequency of the repeatable transient voltage signal is 6 
kHz, the RC time constant of the transient voltage suppressor circuit 
407a is less than 166 ^S. 

Hgure 6a shows plots of an input AC signal Vjn/ the voltage 
VcAP across the capacitor 510, and the voltage Vr across the 
dissipating resistor 530. Curve 610 is the input AC signal. Curve 620 is 
the voltage across the capacitor 510, and curve 630 is voltage across the 
dissipating resistor 530. As shown, the capacitor 510 is charged 
between the damping voltage Vc and the voltage defined by the 
added energy of a transient voltage exceeding the clamping voltage. 
The voltage across the dissipating resistor 530 can vary from between 
zero volts to the highest voltage to which the capacitor 510 is charged. 
The voltage across the dissipating resistor 530 may not go to zero, 
depending on the energy of a particular transient. 
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Figure 6b shows a plot of the input AC signal at the output 
electrical machine 405 due to the single-phase suppressor circuit 407a. 
AS shown, the transients of the input AC signal that exceeded the 
clamping voltage Vc have been truncated to the damping voltage Vc- 
The other transient voltages have not been affected. Note that the 
dravdngs of Figures 6a and 6b are not to scale. Wherein a typical 
transient lasts for approximately 1-2 ^tS, the time from transient to 
transient is 166 ^iS. Thus, for the present embodiment, ^P^°*°; 
510 is charged for 1-2 nS and may discharge for as long as 165-165 hS. 

Figure 7 shows the three-phase transient voltage suppressor 
circuit 408 in more detail. The primary difference between the single 
phase voltage suppressor circuits 407a-c and the three-phase voltage 
suppressor circuit 408 is the configuration of the rectifier arcuit 505. 
For the three-phase voltage suppressor circuit 408, the rectifier circuit 
505 is a three-phase full-wave diode bridge circuit including diod« 
701 702, 703, 704, 705, and 706. The three-phase rectifier circuit 505 
indudes three inputs, one eadi between the anode and cathode of 
eadx diode pair. For example, transmission line 406a is coupled 
between the cathode of diode 701 and the anode of dio^^ 
transmission Une 406b is coupled between the cathode of diode 7W 
and the anode of diode 704; and transmission lined 406c is coupled 
between the cathode of diode 705 and the anode of diode 706. The 
cathodes of diodes 702, 704, and 706 are eadi coupled to positive rail 
501. The anodes of diodes 701, 703, and 705 are eadx coupled to the 

negative raU 502. j u » 

Figure 8 shows the three-phase/line-to ground voltage 
transient suppressor drcuit in more detail. The configuration of the 
rectifier drcuit 505 for the three-phase/line-to-ground voltage 
transient voltage suppressor drcuit 409 is different from the rectifier 
circuits for the single-phase and three-phase transient voltage 
suppressor drcuits. For the three-phase /lineto-ground voltage 
suppressor drcuit 409, the rectifier drcuit 505 indudes diodes 801, 802, 
803, 804, 805, 806, 807 and 808. The three-phase /Uneto-ground 
rectifier circuit 505 indudes four inputs, one each between the anode 
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and cathode of each diode pair. For example, transmission line 406a is 
coupled between the cathode of diode 801 and the anode of diode 802; 
transmission line 406b is coupled between the cathode of diode 803 
and the anode of diode 804; and transmission lined 406c is coupled 
between the cathode of diode 805 and the anode of diode 806; and 
ground it coupled between the cathode of diode 807 and the anode of 
diode 808. The cathodes of diodes 802, 804, 806, and 808 are each 
coupled to positive rail 501. The anodes of diodes 801, 803, 805, and 
807 are each coupled to the negative rail 502. This configuration of the 
rectifier circuit 505 allows for a single transient voltage suppressor 
circuit to be used to suppress all voltage transients. 

The clamping circuit 512 of the three-phase/ line- to-ground 
voltage transient suppressor circuit 409 may be that as shown in 
Figures 5 and 7, but Figure 8 shows an alternative clamping circuit 512 
that includes a resistor 820, The resistor 820 may be used as the 
clamping circuit 505 when the power of the repeatable transient is 
known. Wherein the clamping circuit 512 comprises a resistor 820, 
some current is typically flowing through the resistor 820 at all times. 
However, the size and complexity of the clamping circuit 512 is much 
reduced. Further, the operation of a resistor is less temperature 
dependent than the operation of the zener diodes and a switching 
transistor. If the desired clamping voltage Vc and the power P of the 
repeatable transient is kno%vn, the resistance value R of the resistor 
820 may be discovered by using the following equation: 




If the power of the repeatable transient is not known, the 
resistance value R of the resistor 820 may be obtained experimentally 
by selecting a resistance value R and observing tiie value of the 
clamping voltage. The value of the clamping voltage is related to the 
resistance value R of the resistor 820 by the following equation: 

Thus, if the clamping voltage is greater than the desired value, the 
resistance value of the resistor 820 should be reduced. Conversely, if 
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the damping voltage is less than the desired value, the resistance 
value of the resistor 820 should be increased. 

The illustrative embodiments of the transient voltage 
suppressor circuit have been described in conjunction with a power 
electronics system. More specifically, the embodiments have been 
described with respect to a wind turbine; however, the transient 
voltage suppressor circuit may be advantageously used in any 
electrical or electronics system, whether coupled to a generator or an 
electrical load. Further, wherein the transient voltage suppressor 
circuit is espedaUy useful for suppressing repeatable transient 
voltages, the transient voltage suppressor drcuit suppresses random 
transient voltages in predsely the same manner. 

In the foregoing spedfication the invention has been described 
with reference to specific exemplary embodiments thereof. It wUl, 
however, be evident that various modifications and dianges may be 
made thereto without departing from the broader spirit and scope of 
the invention as set forth in the appended daims. The spedfication 
and drawings are, accordingly, to be regarded in an iUustrative rather 
than restrictive sense. 
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CLAIMS 

What is claimed is: 

1. A circuit for suppressing transient voltages in an electrical 
signal transmitted by a first transmission line, the circuit comprising: 

a rectifier circuit having a first input, a second input, a first 
output, and a second output, wherein the first input is 
coupled to the first transmission line and the second input is 
coupled to a second transmission line; 

a positive rail coupled to the first output of the rectifier circuit; 

a negative rail coupled to the second output of the rectifier 
circuit; 

a capacitor coupled between the positive and negative rails; and 
a damping circuit coupled between the positive and negative 
rails, the clamping circuit being operative to set a clamping 
voltage and to dissipate charge stored in the capacitor when 
the capacitor is charged to a voltage exceeding the damping 
voltage such that the voltage of the capacitor is reduced to 
the clamping voltage. 

2. The circuit of claim 1, wherein the rectifier drcuit is a diode 
bridge drcuit. 

3. The drcuit of claim 2, wherein the second transmission line is 
coupled to ground. 

4. The droiit of daim 1, wherein the rectifier circuit includes a 
third input coupled to a third transmission line, each of the first, 
second, and third transmission lines for transmitting one phase of the 
electrical signal. 

5. The circuit of daim 1, wherein the rectifier circuit includes a 
third input coupled to a third transmission line and fourth input 
coupled to ground, each of the first, second, and third transmission 
lines for transmitting one phase of the electrical signal. 
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6 The cir«:uit of claim 1, wherein the clamping circuit comprises a 
resistor having a first terminal coupled to the positive rail and a 
second terminal coupled to the negative rail. 

7 The circuit of claim 1, wherein the clamping circuit comprises: 
a zener diode having a cathode and an anode, the cathode bemg 

coupled to the positive rail, wherein a zener voltage of the 
zener diode sets a damping voltage of the positive rail; 
a dissipating resistor having a first terminal and a second 
terminal, the first terminal being coupled to the positive 
rail; and 

a semiconductor switch having a first pole coupled to the 
second terminal of the dissipating resistor, a second pole 
coupled to the negative rail, and a control terminal coupled 
to the anode of the zener diode, the semiconductor switch 
for coupling the positive raU to the negative rail when a 
voltage of the positive rail exceeds the damping voltage. 

8 The drcuit of claim 7, wherein the circuit further indudes at 
least one additional zener diode coupled between the zener diode and 
the control terminal of the semiconductor switdi such that a sum of 
the zener voltage of the zener diode and zener voltages for each of the 
additional zener diodes sets the damping voltage of the positive rail. 

9 The drcuit of daim 8, wherein a current limiting resistor is 
coupled between the positive rail and the cathode of the zener diode. 

10 The drcuit of daim 7, wherein the semicondudor switdi is a 
transistor having a base, an emitter, and a coUedor, the base being 
coupled as the control terminal, the collector being coupled as the first 
pole, and the emitter being coupled as the second pole. 

11 The drcuit of daim 7, wherein the senucondudor switdx is a 
transistor having a gate, a drain, and a source, the gate being coupled 
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as the control terminal, the drain being coupled as the first pole, and 
the source being coupled as the second pole. 

12. An electronics system, comprising: 
a electrical machine; 

a first transmission line coupled to the electrical machine for 
transmitting a first phase of an alternating current (AC) 
electrical signal; 

a second transmission line coupled to the electrical machine for 

transmitting a second phase of the AC electrical signal; 
a third transmission line coupled to the electrical machine for 

transmitting a third phase of the AC electrical signal; and 
a first single-phase transient voltage suppressor circuit coupled 
between the first transmission line and ground, the single- 
phase transient voltage suppressor circuit including: 
a rectifier circuit having a first input, a second input, a 
first output, and a second output, wherein the first 
input is coupled to the first transmission line and the 
second input is coupled to ground; 
a positive rail coupled to the first output of the rectifier 
circuit; 

a negative rail coupled to the second output of the 

rectifier circuit; 
a capacitor coupled between the positive and negative 

rails; and 

a clamping circuit coupled between the positive and 
negative rails, the damping circuit being operative to 
set a damping voltage axtd to dissipate charge stored 
in the capadtor when the capadtor is charged to a 
voltage exceeding the damping voltage such that the 
voltage of the capadtor is reduced to the clamping 
voltage. 
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ia. The electronics system of claim 12, wherein the clamping circuit 
comprises a resistor having a first terminal coupled to the positive rail 
and a second terminal coupled to the negative rail. 

14. The electronics system of claim 12, wherein the clamping circuit 
comprises: 

a zener diode having a cathode and an anode, the cathode being 
coupled to the positive rail, wherein a zener voltage of the 
zener diode sets a clamping voltage of the positive rail; 

a dissipating resistor having a first terminal and a second 
terminal, the first terminal being coupled to the positive 
rail; and 

a semiconductor switch having a first pole coupled to the 
second terminal of the dissipating resistor, a second pole 
coupled to the negative rail, and a control terminal coupled 
to the anode of the zener diode, the semiconductor switch 
for coupUng the positive rail to the negative rail when a 
voltage of the positive rail exceeds the damping voltage. 

15. The electronics system of claim 14, wherein the first single- 
phase transient voltage suppressor circuit further includes at least one 
additional zener diode coupled between the zener diode and the 
control terminal of the semiconductor switch such that a sum of the 
zener voltage of the zener diode and zener voltages for each of the 
additional zener diodes sets the clamping voltage of the positive rail. 

16. The electronics system of claim 15, wherein a current limiting 
resistor is coupled between the positive rail and the cathode of the 
zener diode. 

17. The electronics system of claim 14, wherein the semiconductor 
switch is a transistor having a base, an emitter, and a collector, the base 
being coupled as the control terminal, the collector being coupled as 
the first pole, and the emitter being coupled as the second pole. 
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18. The electronics system of claim 14, wherein the semiconductor 
switch is a transistor having a gate, a drain, and a so\irce, the gate 
being coupled as the control terminal, the drain being coupled as the 
first pole, and the source being coupled as the second pole. 

19. The electronics system of claim 12, wherein the power 
electronics system further includes: 

a second singlephase transient voltage suppressor circuit 
coupled between the second transmission line and ground; 
and, 

a third single-phase transient voltage suppressor circuit coupled 
between the third transnussion line and ground. 

20. The electronics system of claim 12, wherein the power 
electronics system further includes a three-phase transient voltage 
suppressor circuit coupled to the first, second, and third transmission 
lines, the three-phase transient voltage suppressor circuit comprising: 

a three-phase rectifier circuit having a flrst input, a 
second input, a third input, a first output, and a 
second output, wherein the first input is coupled to 
the first transmission line, the second input is 
coupled to the second transmission line, and the third 
input is coupled to the third transmission line; 

a second positive rail coupled to the first output of the 
three-phase rectifier circuit; 

a second negative rail coupled to the second output of the 
three-phase rectifier circuit; 

a second damping circuit coupled between the second 
positive and negative rails, the second clamping 
circuit being of)erative to set the damping voltage and 
to dissipate charge stored in the second capadtor 
when the second capadtor is charged to a voltage 
exceeding the clamping voltage such that the voltage 
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of the second capacitor is reduced to the damping 
voltage. 

21 The electronics system of claim 20, wherein the second 
clamping circuit comprises a resistor having a first terminal coupled 
to the second positive rail and a second terminal coupled to the 
second negative rail. 

22. The electronics system of claim 20, wherein the second 

clamping circuit comprises: 

a zener diode having a cathode and an anode, the cathode bemg 
coupled to the second positive rail, wherein a zener voltage 
of the zener diode sets a clamping voltage of the second 
positive rail; 

a dissipating resistor having a first terminal and a second 
terminal, the first terminal of the dissipating resistor being 
coupled to the second positive rail; and 

a semiconductor switch having a first pole coupled to the 
second terminal of the dissipating resistor, a second pole 
coupled to the positive rail, and a control terminal coupled 
to the anode of the zener diode, the semiconductor switch 
for coupling the second positive rail to the second negative 
rail when a voltage of the second positive rail exceeds the 
damping voltage of the second positive rail. 

23. The electronics system of daim 12, wherein the electrical 
machine Is a variable speed motor. 

24. The electronics system of claim 12, wherein the electrical 
machine is a variable speed generator. 



25. A electronics system comprising: 
an electrical machine; 
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a first transmission line coupled to the electrical machine for 
transmitting a first phase of an alternating current (AC) 
electrical signal; 

a second transmission line coupled to the electrical machine for 

transmitting a second phase of the AC electrical signal; 
a third transmission line coupled to the electrical machine for 

transmitting a third phase of the AC electrical signal; and 
a transient voltage suppressor circuit coupled to the first 
transmission line, the second transmission line, the third 
transmission line, and ground, the transient voltage 
suppressor droiit including: 

a rectifier circuit having a first input, a second input, a 
third input, fourth input, a first output, and a second 
output, wherein the first input is coupled to the first 
transmission line, the second input is coupled to the 
second transmission line, the third input is coupled to 
the third transmission line, and the fourth input is 
coupled to ground; 
a positive rail coupled to the first output of the rectifier 
circuit; 

a negative rail coupled to the second output of the 

rectifier circuit; 
a capacitor coupled between the positive and negative 

rails; and 

a damping drcuit coupled between the positive and 
negative rails, the damping circuit being operative to 
set a damping voltage and to dissipate charge stored 
in the capadtor when the capadtor is charged to a 
voltage exceeding the damping voltage such that the 
voltage of the capadtor is reduced to the clamping 
voltage. 
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26 The electronics system of claim 25, wherein the clamping circuit 
comprises a resistor having a first terminal coupled to the positive rail 
and a second terminal coupled to the negative rail. 
27. The electronics system of claim 25, wherein the clamping circuit 

compris^^.^^^ diode having a cathode and an anode, the cathode being 
coupled to the positive rail, wherein a zener voltage of the 
zener diode sets a clamping voltage of the positive rail; 
a dissipating resistor having a first terminal and a second 
terminal, the first terminal being coupled to the positive 
rail; and 

a semiconductor switch having a first pole coupled to the 
second terminal of the dissipating resistor, a second pole 
coupled to the negative rail, and a control terminal coupled 
to the anode of the zener diode, the semiconductor switch 
for coupling the positive raU to the negative rail when a 
voltage of the positive rail exceeds the clamping voltage. 

28 The electronics system of claim 27, wherein the first single- 
phase transient voltage suppressor circuit further includes at least one 
additional zener diode coupled between the zener diode and the 
control terminal of the semiconductor switch such that a sum of the 
zener voltage of the zener diode and zener voltages for each of the 
additional zener diodes sets the damping voltage of the positive rail. 

29 The electronics system of claim 28, wherein a current limiting 
resistor is coupled between the positive rail and the cathode of the 
zener dicxie. 

30. The elecromcs sys«m of claim 27. wherem .he 
switch is a transuwr having a base, an emi.<er, and a coUec»r, *e base 
being coupled as (he conool terminal, the collector b«ng coupled as 
the first pole, and the emitter being coupled as the second pole. 
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31 T^e electronics system of claim 27, wherein the semiconductor 
Lch is a transistor having a gate, a drain, and a source, the ga^ 
J^g coupled as the control terminal, the drain bemg coupled as the 
first pole/and the source being coupled as the second pole. 
3Z The electronics system of claim 25, wherein the electrical 
machine is a variable speed motor. 

33 The electronics system of claim 25, wherein the electrical 
machine is a variable speed generator. 

34. A electronics system comprising: 
an electrical machine; 

rnlr^nsmusion .in. coupled » *. elec^ica. r.M' 
«.Mmitting . first ph«e of an .Ittmatog cuiteni (AC) 

. coupled .0 *. n^cKlne U., 

transmitting a s«ond phase of tt.e AC electtical s.p«l; 

. third transmission line coupW .o *. .le«.c. mach.n. .or 
transmitting . third phase of .h. AC elecmcal signal and 

. ,r»>sien. voluge suppressor circuit coupled to *e tas. 
transmission line, the second transmission Ime, and the 
thiid transmission line, the transient voltage suppressor 

circuit including: 

a rectifier circuit having a first input, a second mput, a 
third input, a first output md a sewwJ ouipat, 
wherein the first input is coupled to the first 
transmission line, the second input is coupled to the 
second transmission line, and the third input is 
coupled to the third transmission line; 
a poJve rail coupled to the first output of the rectifier 

a negative rail coupled to the second output of the 
rectifier circuit; 
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a capacitor coupled between the positive and negative 
rails; and 

a clamping circuit coupled between the positive and 
negative rails, the clamping circuit being operative to 
set a damping voltage and to dissipate charge stored 
in the capacitor when the capacitor is charged to a 
voltage exceeding the clamping voltage such that the 
voltage of the capacitor is reduced to the clamping 
voltage. 

35. The electronics system of claim 34, wherein the clamping circuit 
comprises a resistor having a first terminal coupled to the positive rail 
and a second terminal coupled to the negative rail. 

36. The electronics system of claim 34, wherein the clamping circuit 
comprises: 

a zener diode having a cathode and an anode, the cathode being 
coupled to the positive rail, wherein a zener voltage of the 
zener diode sets a clamping voltage of the positive rail; 

a dissipating resistor having a first terminal and a second 
terminal, the first tenninal being coupled to the positive 
rail; and 

a semiconductor switch having a first pole coupled to the 
second terminal of the dissipating resistor, a second pole 
coupled to the negative rail, and a control ternunal coupled 
to the anode of the zener diode, the semiconductor switch 
for coupling the positive rail to the negative rail when a 
voltage of the positive rail exceeds the clamping voltage. 

37. The electronics system of claim 36, wherein the first single 
phase transient voltage suppressor circuit further includes at least one 
additional zener diode coupled between the zener diode and the 
control terminal of the semiconductor switch such that a sum of the 
zener voltage of the zener diode and zener voltages for each of the 
additional zener diodes sets the clamping voltage of the positive rail. 
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38. The electronics system of claim 37, wherein a current limiting 
resistor is coupled between the positive rail and the cathode of the 
zener diode. 

39. The electronics system of claim 34, wherein the semiconductor 
switch is a transistor having a base, an emitter, and a collector, the base 
being coupled as the control terminal, the collector being coupled as 
the first pole, and the emitter l>eing coupled as the second pole. 

40. The electronics system of claim 34, wherein the semiconductor 
switch is a transistor having a gate, a drain, and a source, the gate 
being coupled as the control terminal, the drain being coupled as the 
first pole, and the source being coupled as the second pole. 

41. The electronics system of claim 34, wherein the electrical 
machine is a variable speed motor. 

42. The electronics system of claim 34, wherein the electrical 
machine is a variable speed generator. 

43. A circuit for suppressing transient voltages in an electrical 
signal transmitted by a first transmission line, the circuit comprising: 

a full-wave rectifier circuit having a first input, a second input, 
a first output, and a second output, wherein the first input is 
coupled to the first transmission line and the second input is 
coupled to a second transmission line; 

a f>ositive rail coupled to the first output of the full-wave 
rectifier circuit; 

a negative rail coupled to the second output of the full-wave 
rectifier circuit; 

a capacitor coupled between the positive and negative rails; 

a zener diode having a cathode and an anode, the cathode being 
coupled to the positive rail, wherein a zener voltage of the 
zener diode sets a clamping voltage of the positive rail; 
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a dissipating resistor havir\g a first terminal and a second 
terminal, the first terminal being coupled to the positive 
rail; and 

a semiconductor switch having a first pole coupled to the 
second terminal of the dissipating resistor, a second pole 
coupled to the negative rail, and a control terminal coupled 
to the anode of the zener diode, the semiconductor switch 
for coupling the positive rail to the negative rail when a 
voltage of the positive rail exceeds the damping voltage. 

44. The circuit of claim 43, wherein the circuit further includes at 
least one additional zener diode coupled between the zener diode and 
the control terminal of the semiconductor switch such that a sum of 
the zener voltage of the zener diode and zener voltages for each of the 
additional zener diodes sets the damping voltage of the positive rail. 

45. The circuit of daim 44, wherein a current limiting resistor is 
coupled between the positive rail and the cathode of the zener diode. 

46. A drcuit for suppressing transient voltages in an electrical 
signal transmitted by a first transmission line, the drcuit comprising: 

a full-wave rectifier drcuit having a first input, a second input, 
a first output, and a second output, wherein the first input is 
coupled to the first transmission line and the second input is 
coupled to a second transmission line; 
a positive rail coupled to the first output of the full-wave 

rectifier drcuit; 
a negative rail coupled to the second output of the full-wave 

rectiHer drcuit; 
a capadtor coupled between the positive and negative rails; 
a resistor having a first terminal and a second terminal, the first 
terminal being coupled to the positive rail and the second 
terminal being coupled to the negative rail, the resistor 
being operative to dissipate charge stored in the capadtor 
when a voltage of the capadtor is greater than a damping 
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voltage such that the voltage of the capacitor is reduced to 
the clamping voltage. 

47. A method for suppressing transient voltages that exceed a 
predfined damping voltage in an electrical signal, comprising the 
steps of: 

rectifying the electrical signal to output a rectified signal- 
charging a capacitor having a first terminal and a second 

terminal to a first voltage using the rectified signal, wherein 
the first voltage is equal to at least the clamping voltage; and 
discharging the capacitor to the clamping voltage if the first 
voltage exceeds the clamping voltage. 

48. The method claim 47, wherein the method further comprises 
the steps of: 

sensing by a zener diode that the first voltage exceeds the 

clamping voltage; 
switching on a traixsistor in response to the zener diode sensing 

that the first voltage exceeds the clamping voltage, wherein 

the transistor couples the first terminal of the capacitor to 

the second terminal of the capacitor; 
conducting current from the first terminal of the capacitor to 

the second terminal of the capacitor through a resistor such 

that power is dissipated in the resistor; 
serxsing by the zener diode that the capacitor is charged to the 

clamping voltage; and 
switching off the transistor in response to the zener diode 

sensing that the the capacitor is charged to the clamping 

voltage such that current flow through the resistor stops. 
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